We investigate the formaldehyde gas sensing properties of poly(5,6,7,8-tetrahydro-1-naphthylamine)-intercalated MoO3 thin films ((PTHNA)xMoO3). The resistance responses of (PTHNA)xMoO3 to formaldehyde increase with increasing intercalation temperature. X-ray photoelectron spectroscopy reveals that the molar ratio of Mo 5+ decreases with increasing intercalation temperature.
Introduction
The layered orthorhombic molybdenum trioxide, MoO3, exhibits n-type semiconductivity. MoO3 has a layered structure that consists of two octahedral sheets composed of edge-sharing octahedral units, which have six oxygen ions at their vertices and one molybdenum ion at their center. 1),2) MoO3 has a low ion exchange ability, whereas partially reduced MoO3 contains cationic guests, which can be exchanged with other cationic guests. Sodium hydrosulfite-reduced MoO3 consists of anionic MoO3 layers and sodium cations. Organic cationic guests can be accommodated within the MoO3 interlayers, just as in organic/ clay hybrids. 4)-6) MoO3 is able to form b-axis-oriented thin films on a lanthanum aluminate substrate by chemical vapor deposition because of the low lattice mismatch. Highly b-axis-oriented MoO3 grains are crucial for preventing the thin film from peeling off due to expansion of its interlayers during intercalation. 7) , 8) Therefore, organic/MoO3 hybrid thin films are expected to be used to produce novel electrical devices, such as gas sensors.
Organic/MoO3 hybrids can be used as gas sensing materials for detecting volatile organic compounds, especially aldehyde gases. 9),10) The ability of organic/MoO3 hybrids to detect aldehyde gases is evaluated from characteristic increasing resistance responses. The mechanism for detecting a target gas involves a change in the effective electron carrier density in the semiconducting MoO3 host. The electron carrier density in the MoO3 layers is altered by aldehyde gas molecules diffusing into the MoO3 interlayers and adsorbing onto the MoO3 layer framework or interlayer organic guests. 7),9),10) The gas selectivity of organic/ MoO3 is affected not only by the polarity of the target gas, but also by the molecular size of the target gases and the affinity of the target gas for the organic component. 11) Therefore, the gas selectivity of organic/MoO3 can be controlled by selecting the interlayer organic component. We have previously reported that MoO3 hybrid films intercalated by polyaniline or polyaniline derivatives are suitable for detecting low concentrations of formaldehyde and acetaldehyde. 12),13) However, gas sensors require more sensitive aldehyde gas sensing properties.
In the present study, we investigate the effect of intercalation temperatures on the sensing properties of (PTHNA)xMoO3 hybrid thin films. The relationship between the average valence of Mo ions in the MoO3 host and the sensing properties of the (PTHNA)xMoO3 hybrid thin films are investigated by X-ray photoelectron spectroscopy (XPS) and by analyzing the formaldehydegas sensing ability.
Experimental section

Preparation of [Na(H 2 O) 2 ] x MoO 3 thin films on silicon substrate
A LaAlO3-coated silicon substrate was prepared by a solution method. 8) An excess amount of LaAlO3 coating solution was deposited on a 4-inch thermally oxidized silicon wafer. The wafer was spun at 500 rpm for 10 s to spread the solution over the entire substrate. It was then quickly accelerated to 3000 rpm for 30 s. After drying at 90°C for 30 min, the wafer was annealed at 1100°C for 30 min in air. 128 pairs of platinum comb electrodes, which had a 10-μm gap and a 10-μm line width, were formed on the wafer. Before depositing MoO3, the wafer was cut into 5 × 9.5 mm 2 sections to use as substrates for hybrid thin films. MoO3 thin films were prepared by the pyrolysis of Mo(CO)6 (Aldrich Co., Ltd.) in an oxygen atmosphere by chemical vapor deposition. 14) , 15) The MoO3 thin films were approximately 220 nm thick. The MoO3 thin films were soaked in a 15 mL aqueous solution of Na2S2O4 (2.3 mmol; Wako Pure Chemical Industries, Ltd.) and Na2MoO4·2H2O (25 mmol; Kanto Chemical Co., Inc.) for 25 s to reduce the MoO3 layers and to insert Na + ions in the interlayers. 3) The resulting thin films are referred to as [Na(H2O)2]xMoO3 thin films.
Preparation of (PTHNA)xMoO3 thin films
Ammonium peroxodisulfate aqueous solution (0.14 mol·dm -3 , 0.5 mL) was used as a polymerization initiator and was added to an aqueous solution of 5,6,7,8-tetrahydro-1-naphthylamine hydrochloride (PTHNA monomer; 0.34 mol·dm -3 , 5.4 mL), which was heated to temperatures of 20, 30, 40, and 50°C. The solution was then magnetically stirred while bubbling with nitrogen for 160 min. The color of the solutions became dark blue due to polymerization of the PTHNA monomer. After stirring, the † Corresponding author: T. Itoh; E-mail: itoh-toshio@aist.go.jp Paper aaaaa JCS-Japan resulting suspensions were filtrated for several minutes through an Advantec PTFE membrane filter with a pore size of 0.50 μm to remove insoluble PTHNA. The temperature of the filtrate (i.e., aqueous PTHNA solution) was controlled to be equal to the polymerization temperature. The [Na(H2O)2]xMoO3 thin films were soaked in aqueous PTHNA solution for 30 s to exchange Na + ions with PTHNA. The intercalation temperature was the same as the polymerization temperature. The resulting hybrid films were quickly washed with distilled water and then dried at 90°C for 30 min. The PTHNA-intercalated MoO3 thin films are referred to as (PTHNA)xMoO3 thin films.
Oxidation experiment of the [Na(H2O)2]xMoO3 thin films
A [Na(H2O)2]xMoO3 thin film was soaked in an aqueous solution of ammonium peroxodisulfate (0.14 mol·dm -3 ) for 60 s. The resulting film was quickly washed with distilled water and then dried at 90°C for 30 min.
Formaldehyde sensing properties
The formaldehyde sensing properties of the (PTHNA)xMoO3 thin films were measured in a flow system. Commercial 10-ppm formaldehyde in nitrogen (Sumitomo Seika Chemicals) was used as the standard formaldehyde gas. Two gold wires were attached to the platinum comb electrode using indium tips. Figure 1 shows a top view of the (PTHNA)xMoO3 element. The (PTHNA)xMoO3 element was placed in a thermally insulated chamber that was heated to 60°C, and the resistance signal of the element was measured directly through the gold wires by a Keithley 2700 multimeter, whose constant current was set to 0.7 μA. The target formaldehyde concentrations were precisely controlled in the flow system by a mass flow controller. The total flow was always 200 mL/min. After pure air was flowed, formaldehyde with air (i.e., dilutions of the standard formaldehyde gas) was flowed for 20 min, and then the flow gas in the chamber was changed again to pure air. The response is defined by the following equation: (1) where S denotes the resistance response, and Rg and Ra are the resistances in formaldehyde and pure air, respectively.
XPS analysis
XPS analysis was performed with an Ulvac-PHI Quantum 2000 XPS system with Al Kα radiation. The pass energy was 11.75 eV and the step size was 0.1 eV. The binding energies were calibrated using the C 1s peak at 284.6 eV. The Mo 6+ and Mo 5+ peaks were fitted by the procedure described in previous reports. 16 ),17)
Results and discussion
Average valence of Mo ions in (PTHNA)xMoO3
hybrid thin films measured by XPS.
The initial layered MoO3 is incapable of accommodating organic components by ion exchange. For [Na(H2O)2]xMoO3 with partially reduced Mo, interlayer sodium ions function as counter cations to the negatively charged MoO3 framework. (PTHNA)xMoO3 hybrid films are prepared by exchanging interlayer sodium ions with PTHNA in the [Na(H2O)2]xMoO3 films. In other words, PTHNA molecules donate their electrons to the MoO3 framework. The increase in the resistance in the presence of formaldehyde gas is caused by a decrease in the effective electron carrier density in the MoO3 framework. This decrease in the electron carrier density in the MoO3 framework is caused by aldehyde molecules absorbing onto PTHNA because the electron donating properties of PTHNA to the MoO3 framework are reduced. 9) To increase the response of (PTHNA)xMoO3 to formaldehyde it is essential to reduce the electron carrier density in the MoO3 framework, because the apparent resistance change caused by formaldehyde adsorption will be higher for a MoO3 framework with a lower electron carrier density. Figure 2 shows Mo 3d XPS spectra of (PTHNA)xMoO3 hybrid thin films. Large Mo 3d5/2 and Mo 3d3/2 doublet peaks appear at 232.8 and 235.9 eV respectively, indicating that Mo is predominantly in the form of Mo 6+ . 16 ), 17) In addition, doublet peaks of both Mo 3d5/2 and Mo 3d3/2 have shoulders at lower binding energies (231.4 and 234.5 eV, respectively). These shoulders may be due to Mo 5+ species. 17) Figure 2 shows that the Mo 5+ peak area decreases with increasing intercalation temperature. The molar ratios of Mo 6+ and Mo 5+ can be calculated from the Mo 3d peak areas for both species. Table 1 lists the molar ratios of Mo 6+ and Mo 5+ in the (PTHNA)xMoO3 hybrid thin films. The (PTHNA)xMoO3 hybrid thin films prepared at 20, 30, 40, and 50°C have relative Mo 5+ species contents of approxi- 
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mately 13, 10, 8.8, and 8.3%, respectively. These results demonstrate that increasing the PTHNA-intercalation temperature should increase the resistance response values. In the following, we explain why the Mo 5+ molar ratio decreases. The polymerization route of the PTHNA monomer is similar to that of aniline. Ammonium peroxodisulfate is used as the polymerization initiator in the preparation of the PTHNA intercalation solution. The first polymerization step involves the formation of the PTHNA monomer radical cation by the polymerization initiator, as shown in Fig. 3; 18) that is, ammonium peroxodisulfate acts as an oxidation catalyst. The [Na(H2O)2]xMoO3 films are soaked in the PTHNA-intercalation solution. As shown in Figs. 4a and 4b , the ammonium peroxodisulfate oxidizes the Mo 5+ in the MoO3 framework in the intercalation solution. Moreover, the PTHNA cation radical may also act as an oxidant for Mo 5+ in the MoO3 framework, as shown in Fig. 4c .
To determine whether the Mo 5+ in the MoO3 framework can be oxidized by ammonium peroxodisulfate, an oxidation experiment of [Na(H2O)2]xMoO3 films using an aqueous solution of ammonium peroxodisulfate was carried out. Table 2 shows the molar ratios of Mo 6+ and Mo 5+ in the [Na(H2O)2]xMoO3 thin films. The molar ratios of Mo 6+ and Mo 5+ are calculated from the Mo 3d peak areas in the XPS analysis. The Mo 5+ molar ratio of the initial [Na(H2O)2]xMoO3 is calculated to be 16.2%, indicating that the chemical formula of the sample is [Na(H2O)2]0.16MoO3. This value is in good agreement with the weight loss of sodium cations in thermogravimetry experiments. 9) On the other hand, ammonium peroxodisulfate aqueous solution-soaked [Na(H2O)2]xMoO3 has a lower Mo 5+ molar ratio of 5.5%. This demonstrates that the Mo 5+ in the MoO3 framework can be oxi-dized by the polymerization initiator of the PTHNA monomer.
3.2 Sensing properties of (PTHNA)xMoO3 hybrid thin films. Figure 5 shows the dynamic resistance responses of the MoO3-based hybrid thin-film sensors, (PTHNA)xMoO3, to a pure carrier gas and to 400-ppb formaldehyde gases at 60°C. The resistances of these hybrid sensors increase by 0.8-1.3% after formaldehyde gas flow for 20 min. The resistance responses of the (PTHNA)xMoO3 hybrid thin films increase with increasing intercalation temperature up to 40°C and they decrease when the intercalation temperature is increased above 40°C. Figure 6 shows the average resistance responses to 400-ppb formaldehyde at 60°C of the (PTHNA)xMoO3 hybrid thin films prepared at four different intercalation temperatures. All the (PTHNA)xMoO3 thin films prepared at an intercalation temperature of 40°C exhibit higher resistivity responses than those prepared at the other intercalation temperatures. These sensing property results are in good agreement with the XPS results, except for that at an intercalation temperature of 50°C.
The PTHNA-intercalation solutions were prepared by polymerization of the PTHNA monomer and then filtered to remove insoluble PTHNA (see the experimental section). The PTHNAmonomer solutions become opaque suspensions at approximately 2 h, 1.5 h, 1 h, and 20 min after the adding the polymerization initiator for polymerization temperatures of 20, 30, 40, and 50°C, respectively. Moreover, there was a larger amount of insoluble PTHNA at a polymerization temperature of 50°C than at the other polymerization temperatures; at polymerization tempera- 
tures of 20, 30, and 40°C, there was little residue on filtration. The response to formaldehyde gas is induced by the gas diffusing into the MoO3 interlayers and being adsorbed onto interlayer organic guests. The magnitude of response values should depend on the intercalation amounts of the interlayer organic guests. The amount of soluble PTHNA is small in PTHNA-intercalation solutions prepared at 50°C because polymerization occurs faster than at the other polymerization temperatures. This explains why the (PTHNA)xMoO3 hybrid thin films prepared at 50°C have small amounts of intercalated PTHNA and low response values.
Conclusion
(PTHNA)xMoO3 hybrid thin films have been synthesized by intercalation, i.e., immersion of [Na(H2O)2]xMoO3 thin films into PTHNA solutions, which were prepared by polymerization of the PTHNA monomer. The temperature of the PTHNA solutions is kept constant during the polymerization and intercalation procedures. The resistance response values of the (PTHNA)xMoO3 to formaldehyde increase with increasing intercalation temperature, because the Mo 5+ molar ratio decreases with intercalation temperature (i.e., with the total electron carrier density in the MoO3 framework). However, reducing the amount of soluble PTHNA in the PTHNA solution affects the response values of (PTHNA)xMoO3.
